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Abstract: The proposal by the European Chemicals Agency (ECHA) to ban over 12,000 per- and
polyfluoroalkyl substances (PFAS) has sparked a debate about potential consequences for the econ-
omy, industry, and the environment. Although some PFAS are known to be harmful, a blanket ban
may lead to significant problems in attempting to replace PFAS-based materials for environmental
transition, as well as in medical devices and everyday products. Alternative materials may poten-
tially be less safe, as a rush to replace PFAS would reduce the time needed for toxicological analyses.
Studies have shown that PFAS exhibit a diverse range of mechanisms of action, biopersistence, and
bioaccumulation potential, and should thus not be treated as a single group. This is particularly true
for the class of fluoropolymers. A targeted approach that considers the specific risks and benefits
of each chemical may be more effective. Moreover, the proposed ban may also have unintended
consequences for the environment as PFAS use is also associated with benefits such as reducing
greenhouse-gas emissions and improving energy efficiency. Policymakers must carefully weigh up
the potential consequences before making a final decision on the ban.
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1. Introduction

On 7 February 2023, the European Chemicals Agency (ECHA) published a pro-
posal to ban an entire class of chemicals known as per- and polyfluoroalkyl substances
(PFAS) [1]. This proposed ban is unprecedented, and, if approved, would affect more than
12,000 PFAS [2]. Based on the revised OECD definitions, ‘PFASs consist of a fully (per) or
partly (poly) fluorinated carbon chain connected to different functional groups.’ [3].

However, PFAS are not a chemical class of similar compounds, but the term includes a
wide range of compounds with very different physical, chemical, environmental, and bio-
logical properties. Although some PFAS are known to be harmful to both the environment
and human health, others are not, and the vast majority have yet to be toxicologically char-
acterized. For example, fluoropolymers do not exhibit the toxicological and environmental
properties commonly associated with other PFAS of concern [4].

PFAS are widely used in a variety of industries, including textiles, electronics, food
packaging, electric car batteries, various household products, cosmetics, pharmaceuticals,
pesticides, and medical device manufacturing. A blanket ban on all substances could have
serious economic, industrial, and environmental consequences, and, paradoxically, public
health implications [5,6]. Moreover, replacing PFAS with alternative substances may be
prohibitively expensive and even impossible in some cases.

It is likely that the ban will not be fully implemented for reasons of economic and
social sustainability, but the current proposal, if not quickly withdrawn, will lead to a hasty
search for substitutes that may perform worse than PFAS, be more expensive, and most
likely be less characterized toxicologically.
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It is difficult for material chemists to imagine possibly replacing all PFAS, within a
few years, with alternative non-fluorinated compounds that have the same chemical and
physical properties as the products they are intended to replace.

It should also be noted that the proposed ban on the entire class of PFAS is being
proposed in the absence of scientific evidence to prove that the end products made with
PFAS are harmful. This is particularly true for fluoropolymers and perfluoropolyether oils,
which are used in a wide range of industries and applications, including the automotive,
aerospace, chemical, and nuclear industries, and electronics, medical devices, and green-
economy initiatives [7,8]. These materials have not been linked to any adverse effects on
humans but have rather improved quality of life and well-being.

Finally, a considerable biomonitoring effort in the United States and Australia found
that there was no major increase in human exposure to PFAS from 1970 to 2010. Indeed,
PFAS exposure has been decreasing in both countries since the early 2000s, and it is
reasonable to assume that the downward trend in PFAS exposure will continue there, as
well as in European countries [9]. Indeed, a noticeable declining trend in PFAS serum
concentrations has been observed among Swedish adolescents and Norwegian men and
women [10,11]. This downward trajectory can be attributed to the phased discontinuation of
legacy PFAS compounds. The emergence of novel PFAS, presently undergoing production
and utilization, presents a potential challenge to conventional biomonitoring endeavors.
Consequently, active efforts are currently underway to establish suitable methodologies for
the detection of these alternative PFAS compounds within human blood [12]. To date, the
investigation of alternative PFAS compounds within human blood has been limited. Few
studies have either failed to detect their presence or have identified minimal levels [13–15].
Notably, a study conducted in Sweden found an increase in the levels of perfluorobutane
sulfonic acid (PFBS) and perfluorohexanesulfonic acid (PFHxS)—two alternative PFAS
compounds—in the blood serum of pregnant women from 1996 to 2010 [16]. Interestingly,
this increases contrasts with the concurrent decrease in concentrations of PFOS and PFOA
over the same period [16].

2. PFAS Are Not a Small Group of Chemicals with Similar Properties

A recent paper on PFAS terminology, developed within the Organization for Eco-
nomic Cooperation and Development (OECD), highlights the tremendous heterogeneity
in the chemical structures of different PFAS (Figure 1) and the need to revise PFAS ter-
minology [17]. The term PFAS, which is commonly used to define the entire chemical
class, is too general and likely to cause further confusion. The most studied PFAS that
pose toxicological risks to humans and the environment are non-polymeric perfluoroalkyl
carboxylic acids (PFCA), e.g., perfluorooctanoic acid, PFOA, and perfluorosulfonic acids
(PFSA), e.g., perfluorooctane sulfonic acid and PFOS.

The chemical class of PFAS includes many substances that are uncharacterized to
such an extent that their physical and chemical properties, including their solubility in
water, are unknown. In fact, for some PFAS, the only available values for physical and
chemical properties are estimates derived from mathematical models, such as quantitative
structure–activity relationship (QSAR) models [18], which can approximate the chemical
and physical properties of compounds based on their chemical structure, rather values
from direct measurements [19,20].

At ambient temperature and pressure, long-chain PFAS typically exist in solid form as
crystalline or amorphous powders. By contrast, short-chain PFAS, with 4–6 carbon atoms,
are generally liquids at room temperature. Available data suggest that both the melting
temperature and melting enthalpy of PFAS increase with the length of the fluorinated
carbon chain [20,21].
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Figure 1. A few examples highlight the huge heterogeneity of chemical structures of PFAS, which 
poses challenges for their regulation. The physical and chemical properties of PFASs vary widely 
depending on their chain length, branching, and functional groups. These properties affect their 
environmental fate and transport, bioaccumulation potential, and toxicity. The bonds between the 
atoms are represented by lines. CAS, Chemical Abstracts Service Registry Number, is a numeric 
identifier assigned by the Chemical Abstracts Service (CAS) division of the American Chemical So-
ciety (ACS). (A) Perfluorooctanoic acid (PFOA), CAS: 335-67-1; (B) perfluorooctanesulfonic acid 
(PFOS), CAS: 1763-23-1; (C) perfluorononanoic acid (PFNA), CAS: 375-95-1; (D) perfluorohex-
anesulfonic acid (PFHxS), CAS: 355-46-4; (E) perfluorodecanoic acid (PFDA), CAS: 335-76-2; (F) 
2,3,3,3-Tetrafluoro-2-(heptafluoropropoxy)propanoic acid (GenX or HFPO-DA), CAS: 13252-13-6; 
(G) 2,2-difluoro-2-{[2,2,4,5-tetrafluoro-5-(trifluoromethoxy)-1,3-dioxolan-4-yl]oxy}acetic acid 
(C6O4), CAS: 682-238-0; (H) P,P-Bis(perfluoro-7-methyloctyl) phosphinothioic acid erbium(3+) salt 

Figure 1. A few examples highlight the huge heterogeneity of chemical structures of PFAS, which
poses challenges for their regulation. The physical and chemical properties of PFASs vary widely
depending on their chain length, branching, and functional groups. These properties affect their
environmental fate and transport, bioaccumulation potential, and toxicity. The bonds between
the atoms are represented by lines. CAS, Chemical Abstracts Service Registry Number, is a nu-
meric identifier assigned by the Chemical Abstracts Service (CAS) division of the American Chem-
ical Society (ACS). (A) Perfluorooctanoic acid (PFOA), CAS: 335-67-1; (B) perfluorooctanesulfonic
acid (PFOS), CAS: 1763-23-1; (C) perfluorononanoic acid (PFNA), CAS: 375-95-1; (D) perfluoro-
hexanesulfonic acid (PFHxS), CAS: 355-46-4; (E) perfluorodecanoic acid (PFDA), CAS: 335-76-2;
(F) 2,3,3,3-Tetrafluoro-2-(heptafluoropropoxy)propanoic acid (GenX or HFPO-DA), CAS: 13252-13-6;
(G) 2,2-difluoro-2-{[2,2,4,5-tetrafluoro-5-(trifluoromethoxy)-1,3-dioxolan-4-yl]oxy}acetic acid (C6O4),
CAS: 682-238-0; (H) P,P-Bis(perfluoro-7-methyloctyl) phosphinothioic acid erbium(3+) salt (3:1),
CAS: 500776-89-6; (I) perfluorodecalin, CAS: 306-94-5; (J) perfluorotripropylamine, CAS: 338-83-0;
(K) perfluoro-2,3-dimethylbutane, CAS: 354-96-1; (L) perfluoroperhydrophenanthrene, CAS: 306-91-2;
(M) perfluoro-(2,5,8-trimethyl-3,6,9-trioxadodecanoic)acid, CAS: 65294-16-8; (N) dotriacontafluo-
rononakis(trifluoromethyl)nonaoxatriacontanoyl fluoride, CAS: 65150-88-1; (O) bis 18:2 fluorotelomer
thioether.



Toxics 2023, 11, 721 4 of 13

Vapor pressure, which is a measure of the volatility of a compound (the higher the
vapor pressure, the more volatile the compound), is particularly relevant in evaluating
the potential toxicity of PFAS. Highly volatile compounds have a greater potential for
long-range transport because they are easily converted to the gas phase and can travel long
distances in the atmosphere, whereas chemicals with low vapor pressures are more likely to
remain in the solid and liquid forms and are generally transported through the soil, surface
and groundwater, with reduced transport potential [22]. The ambient vapor pressure of
PFAS salts is significantly lower than that of the corresponding acidic forms. For example,
the vapor pressure of the ammonium salt of PFOA is three orders of magnitude lower than
that of its acid form. To accurately estimate the vapor pressure and environmental transport
potential of PFAS, it is therefore necessary to determine their exact chemical nature in the
environment, as different chemical forms can have very different vapor pressures [23].

The chemical stability of a molecule greatly influences its persistence in the envi-
ronment [24–26]. The polar regions of PFAS, like the acid groups, can be susceptible to
numerous chemical transformations. A recent study has shown that the carboxy terminal
tail of PFCAs can facilitate a sodium hydroxide-mediated defluorination mechanism. This
chemical degradation process occurs in the presence of the solvent dimethylsulfoxide and
leads to highly reactive perfluoroalkyl intermediates that undergo further degradation,
culminating in the final generation of fluoride ions [27]. It is therefore scientifically inaccu-
rate to consider the tens of thousands of PFAS as a single group of molecules with similar
chemical and physical properties, biopersistence, bioaccumulation, and toxicity.

3. Different Structures Mean Different Mechanisms of Action

The biochemical action of some PFCA and PFSA, particularly PFOA and PFOS, has
been widely characterized. In rodents, these compounds appear to exert toxicological effects
by binding to and activating the peroxisome proliferator receptor alpha (PPARα), a tran-
scription factor that regulates lipid metabolism, energy balance and inflammation [28–31].
However, PPARα activators are unlikely to cause liver tumors in humans due to differences
in biological response to PPARα activation in key downstream events [28,32,33].

Results from several studies highlight differences between human and rodent PPARα
responses in mediating the toxic effects of PFAS compounds. Collectively, these studies
highlight differences in dose–response relationships, target endpoints, and receptor acti-
vation thresholds between humans and rodents. Specifically, activation of PPARα target
genes by ammonium perflurooctanate (APFO) is prominently observed in the liver of
mice with mouse PPARα, whereas such effects are notably absent in mice lacking PPARα
or possessing human PPARα [34]. This discrepancy suggests that human PPARα has a
relatively low reactivity to APFO, especially at lower doses.

A study on APFO-induced liver injury shows different histopathologic manifestations,
supporting the conclusion that APFO activates PPARα differently in mice and humans,
potentially leading to different liver injury [29].

The induction of gene transcriptional profiling by PPARα activation is a mechanism
that affects rodent but not human liver cells, reinforcing the notion that PPARα-mediated
liver toxicity observed in rodents cannot be directly extrapolated to assess human health
implications [35].

A study on pregnant mice exposed to PFOA, showed that, on postnatal day 20, wild-
type mice exhibited higher relative liver weight and increased hepatic gene expression
compared to PPARα-null and PPARα-humanized mice [36]. These findings suggest that
prenatal PFOA effects on development depends on mouse and human PPARα differ-
ences [36].

The immunomodulatory effects of PFOA in mice with or without PPARα, i.e., the
reductions in spleen and thymus weight, along with alterations in cell populations, caused
by PFOA treatment, were absent or attenuated in PPARα-null mice. Additionally, the
diminished in vitro response of splenocytes from treated mice was not observed in PPARα-
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null mice. These findings highlight the significant role of PPARα in the immunomodulation
induced by PFOA and other peroxisome proliferators [37].

Although PPARα is one receptor that mediates the biochemical and toxicological
activities of PFAS, it is not the only one, and not all PFAS activate PPARα. A study by
Behr et al. [38] made use of in vitro genetic assays on human cells to determine whether
PFOA, PFOS, and six other PFAS are able to activate eight other human nuclear receptors,
in addition to PPARα. The results showed that all of the PFAS tested, except PFBS, activated
human PPARα. Perfluoro-2-methyl-3-oxahexanoic acid (PMOH) and 3H-perfluoro-3-[(3-
methoxypropoxy)propanoic acid] (PMPP) were weak agonists of human PPARγ. The other
human nuclear receptors tested (PPARδ, CAR, PXR, FXR, LXRα, RXRα, and RARα) were
not activated by any of the tested PFAS. The effects observed in vitro occurred only at PFAS
concentrations above 10 µM, i.e., 5001 and 4141 ng/mL for PFOS and PFOA, respectively,
which is several orders of magnitude higher than the mean PFAS concentration in the blood
of Western populations, for whom mean serum and plasma concentrations were reported
to be 7.7 and 1.9 ng/mL for PFOS and PFOA, respectively [39].

Houck et al. (2021) evaluated 142 PFAS in vitro and measured 81 different transcription
factor activities. The results showed activity for several nuclear receptors, including three
known targets of the characterized PFCA and PFSA: estrogen receptor alpha, PPARα, and
PPARγ. In addition, activity was observed against retinoid X receptor beta, the major
heterodimeric partner of type II nonsteroidal nuclear receptors, the pregnane X receptor,
nuclear receptor-related protein-1, and erythroid nuclear factor 2-related protein-1 [40].

In a study of potential immunosuppressive activity in a panel of 12 primary human
cell systems and 148 relevant biomarkers, only 21% of the 147 PFAS analyzed showed
bioactivity. The activity profile of PFOS showed little correlation with the reference im-
munosuppressants, suggesting that in vivo activity may occur via different mechanisms.
The activity profile of PFOA shares some common features with that of dexamethasone,
but also shows unique characteristics [41].

One of the key factors that contributes to the bioaccumulation of PFCA and PFSA in
the human body is their limited excretion by transporters present in the kidneys, which
play an active role in reabsorbing PFAS from pre-urine and transporting them back to
cells located in the proximal tubule of the renal system [42]. In humans, organic anion
transporter 4 (OAT4) and urate transporter 1 (URAT1) play important roles in facilitating
PFAS reuptake from the pre-urinary environment [43]. A study by Louise et al. (2023)
analyzed the transport of seven PFAS, namely PFHpA, PFOA, PFNA, PFDA, PFBS, PFHxS,
and PFOS, in human embryonic kidney (HEK) cells transfected with either URAT1 or OAT4.
The results indicated that there was no significant PFAS transport in HEK cells transfected
with URAT1. However, all PFAS, except PFBS, were taken up in HEK cells transfected with
OAT4 [44]. By contrast, an examination of a new-generation PFAS, C6O4, in two renal
cell lines transfected with either URAT1 or OAT4 showed negligible C6O4 uptake under
the experimental conditions, whereas both URAT1- and OAT4-transfected cells displayed
uptake of the reference PFAS, perfluorohexanoic acid (PFC6). These results highlight the
existence of different transport mechanisms for different PFAS, with these mechanisms
potentially influencing their elimination and bioaccumulation in the body [45].

In summary, it is important to recognize that the molecular targets and mechanisms
underlying PFAS toxicity may vary with the specific PFAS, as well as with the specific
tissue and organ examined, and the mammalian species involved. This underscores the
need for targeted analyses that will assess the toxicological potential and bioaccumulation
potential of different PFAS molecules.

4. The Lack of Scientific Basis for the Application of the Toxicity-Equivalent Factors to
PFAS

In toxicology, an analysis of the relative potency of structurally related chemicals, when
possible, plays an important role, as it allows an estimation of the equivalent doses of target
chemicals relative to a reference chemical to be performed. The use of toxic equivalency
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factors (TEFs) has been proposed as a means of estimating the combined toxicity resulting
from exposure to mixtures of chemicals that have significant structural similarities and elicit
comparable toxicological responses in different species [46]. For example, TEFs have been
used to characterize the toxicity of polychlorinated chemicals because their mechanism of
toxicity appears to result from the activation of a specific receptor [47].

TEFs may offer regulators a tool for evaluating the potential toxicity of PFAS mixtures.
This is accomplished by determining the overall concentration of PFOA equivalents within
a mixture, and comparing it to the specific regulatory limits set for PFOA in various
contexts, such as in drinking water and food. Via this method, it becomes possible to
estimate population exposure by considering the consumption of contaminated drinking
water or food that contains a specific combination of PFAS. This estimation allows for a
comparison with the tolerable daily or weekly dose that has been established by regulatory
agencies. As a result, an assessment of the health risks associated with oral exposure
to a particular mixture can be made. It is important to note, however, that the health
risk determined using this approach is constrained to the toxicological parameter used
in calculating the TEFs, namely liver weight, and the presumed mechanism of action. In
fact, the application of TEFs to PFASs is based on the unproven assumption that their toxic
effects are similar and result solely from an identical mechanism of action. Without this
fundamental congruence, the proposed TEFs for assessing health risks from mixtures of
toxic agents would lack logical consistency. In simpler terms, the formulation of a TEF
paradigm that includes agents with different toxic mechanisms and profiles, such as lead,
benzo(a)pyrene, and benzene, would not be considered a viable proposal. This is analogous
to postulating a scenario in which contaminants belonging to the same broad chemical
class, e.g., PFAS, with different mechanisms and toxicities are collectively included in a
unified TEF construct.

Recent studies did not modify the limitation of using rodent parameters to establish
TEFs that are intended to be used to estimate human health risks related to PFAS mixtures
exposure. Indeed, a database of rat liver endpoints for 16 PFAS was established, allowing
for relative potency factors (RPFs) calculations and risk assessment of mixture exposure [48].
The same research group derived RPFs for various PFAS at the blood serum level, in male
rats. By applying dose–response modeling, these internal exposures are used to derive
quantitative internal RPFs based on liver weight effects [49]. A more recent study aimed to
establish RPFs for the immune suppressive effects of PFAS using rodent and human data.
RPFs were successfully derived for PFAS based on rat lymphoid organ weights and globulin
concentration. Seven PFAS were ranked for immunotoxic potency. Epidemiological data
indicated inverse associations of the sum of PFOA, PFNA, PFHxS, and PFOS concentration
with serum antibody concentration to mumps and rubella, but did not allow reliable RPFs
estimation [50].

However, the toxic effects of PFAS may depend on multiple factors, including the
bioavailability of each molecule, which is affected by absorption, metabolism, and binding
to specific receptors. In addition, binding affinities and receptor interactions can vary
among molecules in the same PFAS family.

To overcome the problems associated with estimating TEFs, Colnot and Dekant (2022)
proposed a classification strategy for PFAS that divides them into two distinct groups: PFCA
and PFSA. The authors concluded that PFAS with short chains or non-linear structures
should not be included in either group because of their low toxicological potency and rapid
elimination [51].

Evans et al. (2022) conducted an analysis to assess the ability of 16 PFAS compounds
to activate PPARα, human and rat PPARγ, and other receptors. Interestingly, in vitro
measurements of PPARα and PPARγ activity in human and rat models did not correlate
with the oral doses or serum concentrations of PFAS that were associated with increased
liver weights in male rats, as observed in National Toxicology Program 28-day toxicity
studies [52].
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Another study analyzed the toxicokinetics of five PFAS compounds in various mam-
malian species, focusing on tissue distribution, half-life, and transfer to developing off-
spring via placental transfer and lactation. The study reviewed a comprehensive set of
70 studies in the literature that provided quantitative toxicokinetic information for at least
one of the five PFAS compounds in different mammalian species. While extensive data are
available on the absorption, distribution, metabolism, and excretion of PFOA and PFOS in
both humans and animals, limited information is available for PFHxS, PFBS, and PFBA.
Despite these limitations, the results of the study showed there are significant interspecies
differences in some of the toxicokinetic parameters of different PFAS, raising questions
as to whether the substances can be regulated as a single group. In addition, the study
highlighted the significant problems in extrapolating health effects from laboratory animals
to humans in the context of PFAS exposure [42].

Overall, given the existing differences in toxicokinetics and mechanisms of action, and
the lack of comprehensive data, the development of a TEF approach for perfluoroalkyl
chemicals remains a distant goal rather than a scientifically established outcome [53–55].

5. Bioaccumulation of PFAS: The Role of Chain Length

Bioaccumulation or biopersistence refers to the accumulation of a substance in an
organism over time. Obviously, the bioavailability of a substance is a prerequisite for
bioaccumulation. PFCAs and PFSAs, but not all PFAS, exhibit high stability and their
lipophilicity depends on the length of the alkylic chain, resulting in their accumulation
in several tissues [56]. Moreover, they can bind to human serum albumin and other
transporters in the blood [57]. These properties make PFCA and PFSA potentially able to
bioaccumulate in humans and animals.

The bioaccumulation of PFCAs and PFSAs is, indeed, influenced by their chemical
structure. Compounds with longer carbon chains, such as PFOA and PFOS, are the most
persistent in the environment and can accumulate in living organisms [26,58,59]. By
contrast, short-chain PFAS are less likely to bioaccumulate [59–62]. In fact, although short-
chain PFAS have been detected in aquatic systems, their concentrations are generally
lower than those of long-chain PFAS [63]. In particular, long-chain PFAS are more likely to
accumulate in the brain than short-chain PFAS due to their ability to cross brain barriers [64].

A study analyzing PFAS profiles in drinking water and biological samples from airport
workers exposed to contaminated groundwater found that ‘historical’ PFAS accounted
for 50% of the total PFAS in drinking water and 90% in serum. Branched PFOS isomers
had shorter half-lives than linear PFOS isomers, with half-lives generally decreasing with
decreasing chain length [65].

Fluoropolymers, on the other hand, do not pose a bioaccumulation risk because their
high molecular weight prevents their absorption by the body, and thus their bioavailabil-
ity [66].

6. Fluoropolymers Are a Separate Class from Smaller PFAS Molecules

Although they fall into the PFAS category, fluoropolymers are a distinct class of chem-
ical compounds characterized by much larger molecular sizes (typical molecular weights >
100,000 Da) and more complex structures than the smaller PFAS molecules. Fluoropolymers
consist of long carbon chains with multiple repeating units and fluorine atoms, occasionally
accompanied by branching or cross-linking between polymer chains. Compared to small
PFAS molecules, the larger size and often complex structures of fluoropolymers likely limit
their uptake by living organisms, thereby reducing their likelihood of bioaccumulation. In
addition, the large size of fluoropolymers results in their lower solubility in water, further
limiting their mobility and potential for dispersion in the environment [66,67]. In fact, fluo-
ropolymers can be classified as low-risk polymers (PLCs), as they meet all the requirements
for this classification [68,69].

Overall, size, structure, and water solubility play a key role in determining the biologi-
cal fate and potential damage of fluorinated substances [66].
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Size Limits for Small-Molecule Biological Activity

Size plays, along with charge and structure, a critical role in determining the penetra-
tion of molecules across cell membranes. In the development of new drugs, 500 Da is often
quoted as the maximum molecular weight parameter. However, it has been observed that
molecules with higher molecular weights are also capable of being absorbed, and the limits
of oral bioavailability appear to extend to about MW ≤ 1000 Da [70–72].

Thus, data accumulated from extensive investigations of various pharmacological and
non-pharmacological substances indicate that molecules with molecular weights above
1000 Da have very little, if any, ability to diffuse across cell membranes and, as a result, are
not bioavailable when taken orally.

Therefore, substances with molecular weights greater than 1000 Da, such as fluoropoly-
mers, which generally have molecular weights much greater than 1000 Da, have negligible
bioavailability, resulting in limited potential toxicity and bioaccumulation.

7. Bioremediation of PFAS: Challenges and Opportunities

Recent advances in PFAS degradation via thermal and non-thermal methods have
been recently reviewed. Along with physicochemical techniques [27], bioremediation
appears to be a successful solution for PFAS removal from the environment [73,74].

Bioremediation is a process that utilizes the metabolic capabilities of microorganisms
to degrade and detoxify contaminants. The microbial degradation of PFAS is emerging
as a promising approach for the remediation of contaminated waters and sites. For exam-
ple, Acidimicrobium sp. strain A6 is capable of defluorinating PFOA and PFOS through
a reaction in which iron is reduced and ammonium or hydrogen are used as electron
donors; this reaction leads to the formation of shorter-chain perfluorinated products and
acetate [75]. Another study investigated the role of carbon–carbon double bonds in the
biodegradation of unsaturated PFAS, showing that α,β unsaturation is critical for anaero-
bic reductive defluorination and highlighting the enhanced degradability of unsaturated
fluorinated carboxylic acids with α/β-trifluoromethyl branches [76]. Several microbial
enzymes, including esterases, hydrolases, oxidases, reductases, and dehalogenases, play
key roles in PFAS biodegradation, and advances in enzyme engineering and biocatalysis
offer the potential for the development of efficient and sustainable PFAS bioremediation
strategies [77,78].

However, the diversity of PFAS structures poses a challenge for bioremediation. Long-
chain PFCAs and PFSAs may be more resistant to biodegradation than their short-chain
counterparts. Despite these challenges, bioremediation offers several advantages over
other remediation methods, such as chemical treatment and incineration. Bioremediation
has very low costs and is environmentally friendly because it does not require expensive
equipment and does not produce harmful byproducts [79].

More research is needed to determine the feasibility of bioremediation as an effective
strategy for PFAS remediation and to optimize the degradation of PFAS with different
chemical structures. In our opinion, should PFAS bioremediation techniques demonstrate
their effectiveness, the depiction in media and the emphasis in regulatory proposals that
currently categorize PFAS contaminants as ‘forever chemicals’ to underscore their environ-
mental risk may need to be reevaluated.

8. Unintended Consequences of the Proposed PFAS Ban

The European Union’s proposed ban on PFAS may have unintended consequences
and may not necessarily lead to safer alternatives. To mitigate the ban on the entire chemical
class of PFAS, the concept of ‘essential use’ has been proposed to identify which PFAS can
be phased out. However, there are several challenges inherent in this approach, with these
including a lack of comprehensive data on potential substitutes, the complexity of supply
chains, product formulation, and product disposal [80].

In addition, the availability of viable alternatives is limited. PFAS have unique proper-
ties, such as exceptional water repellency and oleophobicity, that make them advantageous
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in a variety of applications. Identifying substitutes that can match the performance of
PFAS has proven difficult. For example, in the field of medical devices, fluoropolymer-
based structures offer a superior and safer alternative to devices made from other types of
polymers; when polypropylene and polymethylpentene are used to make artificial lung
membranes for blood oxygenation during open-heart surgery or acute lung failure, they
often exhibit inadequate biocompatibility, resulting in unwanted blood clotting and long-
term hemolysis. By contrast, a novel fluoropolymer-based membrane has demonstrated
optimal performance with no detectable hemolysis and complete biocompatibility. This
highlights the significant utility of fluoropolymers in medical-device manufacturing [81].

The substitution of PFAS with alternative chemicals is not necessarily safer. Chemical
substitution is common in the industry, but the safety of substitute chemicals is often only
partially known in the early days of market introduction, and potential PFAS substitutes
may pose new risks to humans and the environment.

The proposed ban may also have unintended environmental consequences if it in-
cludes fluoropolymers and their precursors, as several fluoropolymers contribute to green-
transition technologies (e.g., lithium batteries, various materials for electric vehicles, per-
fluoro ionomers for fuel cells and electrolyzers for hydrogen production), meaning that
the stated benefits could be negated if the PFAS ban results in the use of more toxic or less
effective alternatives.

9. Conclusions

In summary, the proposed European ban on more than 12,000 PFAS raises several
concerns and potential unintended consequences. While some PFAS are known to be
harmful to the environment and human health, a blanket ban on all of them may not be
the most effective and sustainable solution. The diverse range of PFAS chemical structures,
mechanisms of action, biopersistence, and bioaccumulation potential makes their treatment
as a single group scientifically unsound. Fluoropolymers differ significantly from other
PFAS in terms of their chemical properties, bioaccumulation potential, and toxicity. They
pose little toxicological risk as they are much less bioavailable and bioaccumulative, and
there is no strong scientific basis for their inclusion in the ban.

In addition, any decision must also consider a lack of viable and safe alternatives, and
the risk of reduced effectiveness of health care for European citizens due to a lack of essential
medical device materials. The possibility that the ban may also affect or significantly slow
the green transition must also be considered.

The ban could force the use of alternative chemicals that are not well-toxicologically
characterized and may be more toxic than PFAS.

PFAS may cease to be considered ‘forever chemicals’ if scientific research on bioreme-
diation develops and allows for the remediation of PFAS at a very low cost.

Ultimately, a more balanced and focused approach that centers on the regulation and
management of high-risk PFAS, while supporting the research and development of safer
remediation alternatives and technologies, should be considered. This would result in
more effective protection of human health and the environment, while minimizing any
potentially harmful impact on the health and quality of life of European citizens.
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